Abstract. Base composition is not uniform across the genome of Drosophila melanogaster. Earlier analyses have suggested that there is variation in composition in D. melanogaster on both a large scale and a much smaller, within-gene, scale. Here we present analyses on 117 genes which have reliable intron/exon boundaries and no known alternative splicing. We detect significant heterogeneity in G+C content among intron segments from the same gene, as well as a significant positive correlation between the intron and the third codon position G+C content within genes. Both of these observations appear to be due, in part, to an overall decline in intron and third codon position G+C content along Drosophila genes with introns. However, there is also evidence of an increase in third codon position G+C content at the start of genes; this is particularly evident in genes without introns. This is consistent with selection acting against preferred codons at the start of genes.
Introduction
Given that genomes contain information, it is not surprising that base composition is not uniform along chromosomes. However, the scale over which compositional variation is observed, and the fact that it is detected in DNA thought largely to be noncoding, has generated considerable interest. Most attention has focused on large-scale variation along chromosomes, thought until recently to be restricted to mammals. With the sequencing of yeast chromosomes (Oliver et al. 1992; Dujon et al. 1994; Feldmann et al. 1994 ) and the rapid accumulation of other DNA sequence data, it now appears that variation in base composition along chromosomes is widespread; it has been documented in mammals (Bernardi et al. 1985; Bernardi 1989) , Drosophila (Carulli et al. 1993; Kliman and Hey 1994) , yeast (Sharp and Lloyd 1992; Dujon et al. 1994; Feldmann et al. 1994) , and bacteria (Deschavanne and Filipski 1995) .
While genomewide variation in base composition is common, the scales of variation differ among organisms. In mammals, G+C content varies over megabases of DNA (Gardiner et al. 1990; Pilia et al. 1993) , whereas in Saccharomyces cerevisiae, the variation is over a scale of about 50 to 100 kilobases (kb) (Sharp and Lloyd 1992; Dujon et al. 1994; Feldmann et al. 1994) , similar to that found in Escherichia coli (Deschavanne and Filipski 1995) . The scale in Drosophila melanogaster remains unclear. Carulli et al. (1993) found substantial variation in G+C content among 140-to 340-kb fragments of Drosophila chromosomes, suggesting that ∼100 kb was the lower limit for the variation.
Compositional heterogeneity has also been observed at a much smaller scale, though examples are rare. In mammals there are ''CpG islands'' (Bird 1987) . These are kilobase stretches of DNA with relatively high levels of CpG dinucleotides and G+C content. The origin and function of these sequences remain obscure, though their lack of methylation is implicated in gene control (Lewis and Bird 1991) . In E. coli, there is a high frequency of A and a lower frequency of G at both ends of genes (EyreWalker and Bulmer 1993; Eyre-Walker 1996) . This is thought to be due to constraints imposed by ribosome binding.
Compositional heterogeneity has also been detected within the genes of D. melanogaster. In a sample of 79 genes with multiple introns, 33 showed significant heterogeneity among introns in G+C content (Kliman and Hey 1994 ). Here we build on the earlier analyses using a new data set and consider three aspects of compositional heterogeneity. We establish that there is significant compositional heterogeneity in intron composition within genes. We then investigate (i) whether there is a correlation between intron and exon G+C content within genes and (ii) whether there are trends in base composition along genes.
Materials and Methods

Selection of Genes
In D. melanogaster, like many other organisms, exons have a substantially higher G+C content than introns. If boundaries are assigned incorrectly, then artifactual heterogeneity and spurious correlations of intron and exon base composition can arise. There are also potential complications with genes that are alternatively spliced. Therefore, we restricted our analyses to genes that met the following criteria: (1) there were no published reports of alternative splicing for introns and exons between the start and the stop codon; (ii) the entire genomic DNA sequence was determined between the start and the stop codons; and (iii) intron/exon boundaries were determined experimentally, usually by comparison of genomic and cDNA sequences. Of 117 suitable genes, 47 had one intron and 39 had at least two introns (see Table 1 ). We did not remove genes that are members of multigene families (e.g., actins) since they appear to be the products of fairly ancient duplications. They are, therefore, independent with respect to codon usage and intron G+C content.
Statistical Analysis-Base Composition
We divided each intron in half, allowing us to include genes with one intron. To test for heterogeneity in intron G+C content within genes, we performed G tests of independence (with William's correction) to test the null hypothesis of G+C content equanimity within genes. Like chi-square values, G values can be summed across tests, along with degrees of freedom, to yield an overall test of heterogeneity.
The intron segments were paired with half of the adjacent exon (except that terminal exons were left intact) to form an array of intron/ exon pairs. Analyses were performed only on amino acid-coding regions of exons and ignored the universally conserved start codon. To test if there was a correlation between paired intron and exon G+C content within genes, we calculated a statistic related to Pearson's correlation coefficient,
where E ij and I ij are the exon (first, second, or third codon position) and intron G+C contents of the jth of R segments of the ith of G genes. By subtracting the gene mean of the intron and exon G+C contents from each point, the statistic removes any correlation between intron and exon G+C content that may exist among genes. The statistic can be thought of as the correlation coefficient for a series of parallel lines, one for each gene, running through the data; its square, like that of the standard correlation coefficient, is the proportion of variance within genes explained by the parallel lines. While the significance of r within can be assessed by conventional statistical techniques, to avoid problems caused by departures from the assumptions of parametric methods, we employed a Monte Carlo approach. We reshuffled the x (intron) and y (exon) values within genes to yield a randomized data set of points [e.g., ((x 11 ,y 15 ),(x 12 ,y 11 ) . . . ),((x 24 ,y 21 ), (x 21 ,y 27 ) . . . ), . . . , etc.], then recalculated r within . Randomization was performed 100,000 times per analysis. Since we are testing for a positive correlation, we calculated the proportion of times that r within for the randomized data exceeded r within for the original data; i.e., we performed one-tailed tests.
To test for trends in base composition and codon usage along genes, we performed a linear regression analysis of base composition against distance from the start codon, removing base composition differences among genes by subtracting gene means (as above). To maximize the amount of information available for an analysis, we considered each nucleotide site individually; i.e., G+C content (or preferred codon usage) was either 0 or 1. In these analyses we also looked at preferred codon use, where preferred codons are defined as those that increase in frequency as codon bias in D. melanogaster genes increases (Akashi 1995) . The distance from the start codon was calculated as base pairs. We calculated the test statistic,
where D ij is the distance of the jth point from the start codon of the ith gene, and K is the G+C content (for either intron, first, second, or third codon position) or preferred codon usage. The test statistic is the slope of the least-squares line through the data after subtracting the (gene) mean G+C content and distance from each point. It is also the slope of a series of parallel lines, one for each gene, drawn through the data.
Unfortunately, this statistic is disproportionately influenced by long genes (with weighting approximately proportional to the gene length cubed). To overcome this, we repeated the analysis after scaling the distance along the gene so that it ran from 0, the first base of the start codon, to 1, the last base of the stop codon. This weights genes approximately proportional to their length. The significance of slopes was assessed by Monte Carlo methods analogous to those used in the correlation analysis (performing 1,000 randomizations). Probabilities were estimated as two-tailed values.
Statistical Analysis-Substitution Rates
We also examined the rate of synonymous substitution along Drosophila genes using a data set of 33 aligned genes from D. melanogaster and D. pseudoobscura. These were kindly provided by Dr. Etsuko Moriyama. The analysis was restricted to codons where the amino acid was the same in the two species. The average synonymous site divergence was calculated for each codon along the genes as where
where Q ij is 0 if the codons are identical and 1 if they differ by a synonymous difference, l i is the length of the ith gene in codons, and n j is the number of genes at the jth codon in the analysis. This formula calculates the average (uncorrected) synonymous divergence at each codon subtracting the gene average. We subtracted the gene average to avoid any spurious correlations caused by correlations between synonymous divergence and gene length between genes; the longest genes in our sample have some of the highest synonymous divergences.
Results
Intron G+C Content Within Genes
Overall, there is highly significant heterogeneity in base composition among intron segments within genes (G ‫ס‬ 605.0, df ‫ס‬ 282, P < 10 −13 ). Individually, 18 of the 86 genes show significant heterogeneity at the 5% level. If we remove from the analysis genes with only one intron, then 13 of the 39 remaining genes show significant evidence of heterogeneity. Overall, however, the one-intron genes show significant heterogeneity (G ‫ס‬ 68.5, df ‫ס‬ 47, P ‫ס‬ 0.022).
The presence of within-gene variation in intron G+C content raises two immediate questions. Is variation within genes responsible for the apparent variation in G+C content among genes? If not, what are the relative strengths of the among-gene and within-gene sources of variation? Kliman and Hey (1994) found a significant positive correlation between intron G+C content and third codon position G+C content across genes, indicating significant variation in intron (and third position) G+C content among genes. However, this correlation could be caused by variation within a gene. One-way analysis of variance (ANOVA) on the intron G+C content data finds significant variance among genes that could not be explained by variance within genes (F 85,282 ‫ס‬ 1.906, P < 10 −4 ). This is consistent with the finding of substantial variation in composition among large fragments of the D. melanogaster genome (Carulli et al. 1993) .
The relative strengths of the among-gene and withingene factors can be assessed by estimating their contributions to the variance in intron G+C content. A nested ANOVA showed, surprisingly, that the within-gene variance in percentage G+C (33.17%) is larger than the among-gene variance (16.75%).
G+C Content Correlations Within Genes
Since there is substantial variation in intron G+C content within D. melanogaster genes, it is of interest to see if similar variation is apparent within exons. Table 2A shows that this is indeed the case; the intron G+C content is highly correlated to the third codon position G+C content but not to that of the first or second codon positions. However, because the correlation coefficient tends to be dominated by genes with many introns, it is possible that compositional heterogeneity is limited to a few highly segmented genes. To address this, we repeated the analysis, grouping genes by number of introns. Although intron G+C content is only significantly correlated [before correction for multiple comparisons (Rice 1989) ] to third position G+C content for the genes with one intron and for 2 other analyses, 8 of the 10 analyses gave positive correlations, with a few approaching statistical significance. Statistical significance does not appear to depend on the inclusion of genes with one intron, as the withingene correlation remains significantly positive when these genes are removed. Further, if we calculate the correlation coefficient for each gene individually, significantly more than half of the genes show a positive correlation between intron and third codon position G+C content (53 of 86; z ‫ס‬ 2.16, P < 0.05). The results indicate that the correlation between intron and third position G+C content within genes is widespread.
Variation Along Genes
Variation in composition within genes might take a relatively simple form, such as an increase or decrease in a P is the proportion of 100,000 randomized data sets which gave an r within value greater than that calculated from the original data. (A) Correlations between intron G+C content and either first, second, or third codon position G+C content. The correlation involving the third codon position is significant after applying the sequential Bonferroni correction for multiple comparisons (Rice 1989) . (B) Correlations between intron and codon third position G+C content for subsets of genes classified by intron number.
G+C content along the length of the gene. Furthermore, if introns and third codon positions shared a similar trend, this may explain the within-gene correlations between the two. To address this, we performed leastsquares regression analyses of intron and exon G+C content along genes, after factoring out the difference among genes. Slopes of lines through the data and Monte Carlo estimates of statistical significance are given in Table  3A . In genes with introns, there is a significant decline in intron and third codon position G+C content but no trend in either first or second position G+C content. The slopes equate to declines in G+C content of ∼1.5 and 0.75% per 1,000 base pairs (bp) for introns and third positions, respectively. This decline is evident when the data are plotted in such a way as to remove the differences between genes (Figs. 1a and b) .
Because long genes are disproportionately weighted in regression analyses using absolute distance (unscaled analysis) from the start codon, we repeated the analyses using relative distance (scaled analysis) between the start and the stop codon. The results are qualitatively similar to those from the unscaled analysis (Table 3B) ; there is a significant decline in both intron and third codon position G+C content. The decline in intron G+C content appears to be particularly widespread, since significantly more than half the genes (54 of 86; z ‫ס‬ 2.37, P < 0.02) show a decline when analyzed individually. The generality of the decline in third position G+C is less evident, with negative slopes in just over half (44 of 86) of the genes.
A few genes (e.g., Arrl, His2AvD, LanA, rdgC, and ry) contributed strongly to the intron G+C content regression, even after scaling the distances along the gene. However, it should be noted that only LanA and ry were large contributors to the negative regressions for third position G+C and preferred codon usage. Thus, the within-gene correlations between intron and third position G+C content do not appear to arise from a small number of genes sharing similar along-gene trends in intron and third position G+C content.
Genes with no introns show a strikingly different trend in base composition. There is a highly significant increase in third position G+C content in these genes. Increases in first and second position G+C content are not significant (Table 3 ). The increase in third position The data were then ordered, across genes, according to the distance of each point from the start codon, and moving averages of 2,000 points calculated. The window for the moving average was sequentially advanced by at least 50 points; since there are many ties (e.g., for most genes, the third position of the second codon is 5 bp from the first base of the coding sequence), the window was advanced by a variable number of base pairs.
G+C content, depicted in Fig. 1c , is equivalent to ∼6% per 1,000 bp.
In Drosophila, the genes with no introns tend to be shorter overall. It is, therefore, possible that a general increase in G+C content at the start of genes is obscured in the genes with introns by the decrease farther along the gene. When the analysis is limited to the first 350 or 500 codons of genes with introns, there is no evidence of an increasing G+C trend. However, when we limit the analysis to the first 200 codons, a significant increase in third codon position G+C slope is detected (for scaled distance b within ‫ס‬ 0.055 ± 0.026, P ‫ס‬ 0.024, for genes with introns and b within ‫ס‬ 0.108 ± 0.041, P ‫ס‬ 0.008, for genes without). The two slopes are not significantly different (Sokal and Rohlf 1995, p. 493) , indicating similar base composition trends at the start of coding regions, regardless of whether or not they have introns. This increase is detectable in the majority of genes; among genes with introns, 45 of 65 had positive third codon position G+C slopes over the first 200 codons, compared to 14 of 18 genes lacking introns.
Selection is believed to have acted upon synonymous codon use in D. melanogaster (Shields et al. 1988; Hey 1993, 1994; Akashi 1994 Akashi , 1995 . Since all of the preferred codons in D. melanogaster are C-or G-ending [16 C-ending and 6 G-ending (Akashi 1995) ], trends in third codon position G+C content are not independent of trends in preferred codon usage. As expected, there is a significant decrease in preferred codon usage toward the 3Ј end of genes with introns and a significant increase in genes without introns (Tables 3 and 4) . Furthermore, the significant increase in G+C content in the first 200 codons of all genes is reflected in a significant increase in preferred codon usage for both classes of genes (for scaled distance b within ‫ס‬ 0.08 ± 0.026, P ‫ס‬ 0.001, for genes with introns and b within ‫ס‬ 0.152 ± 0.045, P ‫ס‬ 0.000, for genes without introns). Again, the two slopes are not significantly different.
Discussion
We have shown that there is highly significant heterogeneity in intron base composition within D. melanogaster genes, confirming the results of previous work (Kliman and Hey 1994 ). This appears to be due, in part, to a decline in intron G+C content along many genes. There is also an overall decline in third codon position G+C content along genes with introns. Not surprisingly, there is a positive correlation between intron and third position G+C content within genes. However, at the start of genes there appears to be an increase in third position G+C content over the first few hundred codons; this is particularly evident in genes without introns.
A central question regarding base composition heterogeneity is whether the composition variation within genes is a ''snapshot'' of the variation at a much larger scale. The trends along individual genes, of the order of 2 kb, may reflect larger-scale trends. Several lines of evidence challenge this. First, ANOVA indicated highly significant variation among genes not explained by variation within genes. Still, some caution should be exercised, since the ANOVA does not consider the structure of the intron variation (i.e., the apparent decline in G+C content along genes). Second, the general decline in G+C content along intron-bearing genes would be difficult to achieve unless the genes were nonrandomly positioned with respect to the large-scale variation in G+C content. Third, the decline in G+C content within a gene is too great to be consistent with the variation in G+C content seen among chromosomal segments. Carulli et al. (1993) found that large blocks of DNA varied from 36.9 to 50.9% G+C, with a variance of 8.07. We find at least as much variance within a gene as they found among blocks.
Base composition heterogeneity can arise from variation in mutational patterns, selection, and biased gene conversion. Variation in mutational patterns is highly consistent with our observations; similar variation in G+C content is observed in introns and exons, and the variation appears to be structured in a way one might expect of mutation (i.e., a simple increase or decrease in G+C content). Large-scale variation in composition has been attributed to differences in replication time and changing conditions within the cell (Wolfe et al. 1989) . This is an unlikely explanation in the present case, because either the conditions under which replication occurred would have to change very rapidly or many genes would have to span boundaries between replicons. While there is evidence that adjacent replicons in Drosophila do not form in synchrony, unlike in vertebrates, replicons are thought to be much larger than individual genes (Steinemann 1981). Therefore, variation within genes in base composition is not likely to be generated by replication time effects. Nor is it likely to be generated by variation in the pattern of methylation since methylation appears to be absent from Drosophila DNA (Bird 1987 ). An alternative explanation is variation in the efficiency of DNA repair (Filipski 1987 (Filipski , 1988 Eyre-Walker 1994) . Various types of DNA repair are known to vary in their efficiency over the scale of a gene (Bohr et al. 1987; Boulikas 1992 ) and this could generate variation in the pattern of mutation (Eyre-Walker 1994) . Selection could also be responsible for the variation in base composition within genes. For example, selection seems to constrain intron secondary structure (Stephan and Kirby 1993; Schaeffer and Miller 1993; Leicht et al. 1995; Kirby et al. 1995) . Since the propensity to form, and the stability of, secondary structures, depends upon the base composition, selection could generate trends in base composition along genes.
It has been suggested that biased gene conversion might explain the relationship between recombination rate and G+C content in humans (Holmquist 1992; EyreWalker 1993) . This is an unlikely explanation for the variation in composition along genes. Kliman and Hey (1993) found no evidence that intron G+C content among genes was related to recombination frequency in D. melanogaster. Furthermore, gene conversion could be responsible for our observations only if the variance in recombination frequency along a gene exceeded the variance among genes. We are unaware of any evidence for variation in recombination frequency along genes.
Although both intron and third position G+C contents are correlated with each other and show the same overall pattern along genes, they do not necessarily have the same cause. It is intriguing that the declines in intron and third position G+C content seem to be due mainly to G and C, respectively. In introns, the G scaled distance regression slope was −0.0858 (P ‫ס‬ 0.000), while the C slope was −0.0243 (P ‫ס‬ 0.028). For third codon positions, the G slope was −0.0099 (P ‫ס‬ 0.204) and the C slope was −0.0197 (P ‫ס‬ 0.015). This difference may reflect the fact that selection is thought to act, or to have acted, upon synonymous codon use in D. melanogaster (Shields et al. 1988; Hey 1993, 1994; Akashi 1994 Akashi , 1995 . Since 16 of 22 preferred codons are Cending (Akashi 1995) , the decline in C along genes may reflect a decline in the strength of selection on synonymous codon bias or conflicting selection pressures.
Although there is an overall decline in third position G+C content along genes, there appears to be an increase in the first few hundred codons of most genes. This is particularly evident in the genes which have no introns. In fact, there is no evidence of a decline farther along the genes with no introns; this may reflect their length or some other qualitative difference. The increase in G+C content at the start of genes could itself be caused by mutation, selection, or biased gene conversion. Unfortunately it is not possible to examine trends in introns near the start of genes since there are insufficient data. However, the increase in third position G+C content and preferred codon use of the first 200 codons is positively correlated with the overall synonymous codon bias in the gene as measured by the codon adaptation index (Sharp and Li 1987; Sharp et al. 1992; Kliman and Hey 1994) (third position G+C slope vs CAI, r ‫ס‬ 0.333, 81 df, P ‫ס‬ 0.002; preferred codon slope vs CAI, r ‫ס‬ 0.309, 80 df, P ‫ס‬ 0.005). This is reminiscent of the pattern seen in Escherichia coli, where the increase in codon bias at the start of genes is most evident for highly biased genes (Eyre-Walker and Bulmer 1993) . It is most consistent with a model in which there are conflicting selection pressures acting upon synonymous codon use at the start of the gene; i.e., there is selection to use the codons preferred in the middle of the gene, but this selection is overcome at some sites by other conflicting selection pressure. For example, there might be selection to avoid secondary structure at the start of the mRNA. If the increase in G+C content was associated with mutation or biased gene conversion, one would expect the increase to be most evident in the low biased genes.
If conflicting selection pressures are responsible for lower codon bias at the start of D. melanogaster genes, we might expect the rate of synonymous substitution to be lower at the start of the gene than in the middle, as we see in E. coli (Eyre-Walker and Bulmer 1993) . Analysis confirms that this is the case; the level of synonymous divergence between D. melanogaster and D. pseudoobscura (corrected for differences in average synonymous substitution rate between genes) increases significantly over the first 200 codons, by approximately 0.10 synonymous substitutions per site (Spearman's rank correlation coefficient r s ‫ס‬ 0.255, P ‫ס‬ 0.0003). Over the next 200 codons the correlation is positive but nonsignificant (r ‫ס‬ 0.070, P ‫ס‬ 0.323), and then over the remaining codons it is negative (r s ‫ס‬ −0.029, P ‫ס‬ 0.374). It should be noted that there are few data available past 200 codons so the last two results should be treated with caution.
Although the reasons for the compositional trends within genes remain obscure, our preliminary analysis of C. elegans genes suggests that other eukaryotes may show similar trends. In addition to an increase in preferred codon usage at the start of genes, we find a significant decline in intron G+C content (unpublished results). With the accumulation of DNA sequence data for S. cerevisiae, as well as substantial data for Dictyostelium discoideum, it will be of great interest to see if trends in codon usage and base composition are general phenomena in eukaryotes.
